The reaction kinetics of the chemical polymerization of aniline in aqueous acid solutions with FeCl 3 as the oxidant (initiator) was investigated at 25 o C. The polymerization was performed in a special reactor which enabled the initial concentration of oxidant to be kept constant during the polymerization reaction. The order of the reaction of ANI polymerization with respect to FeCl 3 was calculated as n = 0.18. The rate constant k of the polymerization reaction was found to be 9.1x10 -5 (mol dm -3 ) -1,18 s -1 . The theoretical yield of the reaction was calculated using the Faraday law and the experimentally determined quantity of electricity exchanged during the polymerization reaction. There was a discrepancy between the experimentally and theoretically determined yield, indicating that the oxidant was being consumed in some side reactions, which is an accordance with the fact that the order of the reaction of ANI polymerization with respect to FeCl 3 is a non-integer number.
INTRODUCTION
Electrically conducting polymers (ECP) with conjugated double bonds can be synthesized by electrochemical or chemical polymerization of the corresponding monomers. 1, 2 Electrochemical polymerizations usually produce polymers as thin films on the anode. In the last few years, ECPs obtained as powders by chemical polymerization have found growing practical application. The efficiency of a chemically initiated polymerization is much higher than that of an electrochemically initated one. Therefore, there is growing interest in the chemical polymerization of heterocyclic monomers. The chemical polymerization of aniline (ANI), as a low cost monomer, is of special interest. There is a large number of papers dealing with the chemical polymerization of aniline. The influence of the synthesis parameters, such as pH, relative concentrations of reactants, the type of initiator and electrolyte, on the polymer yield and its electrical conductivity, [3] [4] [5] as well as the condi-tions under which polyaniline (PANI) can be synthesized by emulsion polymerization 6 have been investigated in these papers. A standard preparation of PANI is also given as an IUPAC technical report. 7 The mechanisms and kinetics of the chemical polymerization of aniline in aqueous solutions have been investigated by several groups. [8] [9] [10] [11] [12] [13] The main obstacles in these investigations arose due to the fact that the obtained polymer was intensely colored and, in most cases, insoluble in the reaction mixture, which prevents application of standard methods for monitoring polymerization reactions. The situation was further complicated by the fact that a chemical polymerization is not a radical polymerization like in the case of, e.g., vinylic monomers. In order to form one monomer-monomer bond it is necessary to have two electrons, i.e., one or two molecules of initiator (oxidant). This means that in this case it is not possible to use the assumption, commonly used for the investigation of the polymerization of vinyl monomers, that the initiator concentration in the first phase of reaction is constant and equal to the initial concentration.
In most of the published papers on the chemical polymerization of aniline, ammonium peroxydisulfate (APS) was used as the oxidant because a much higher conversion was obtained than with iron(III) chloride. The main disadvantage of using APS as the oxidant is that it is stoichiometrically consumed in the reaction, which means that the reaction requires a large amount of the chemical for mass production, resulting in a troublesome treatment of the acidic by-products of the oxidant. Some of the studies investigated the polymerization of ANI using iron(III) chloride as the oxidant, the most interesting being the work of Toshima et al., 12 who investigated the kinetics of aniline polymerization using iron(III) as catalyst and ozone as oxidant. They claim that this reaction is an environmentally benign synthesis of PANI since small amounts of iron(III) and large amounts of ozone are used and the by-product is only water. The yield of PANI obtained by them was comparable to that obtained when APS was used as the oxidant, but the conductivity of the PANI was almost two orders of magnitude smaller.
In this study, the reaction kinetics of the chemical polymerization of aniline in aqueous acid solutions with FeCl 3 as the oxidant was investigated at 25 o C. The polymerization was performed in a special reactor which enabled the initial concentration of oxidant to be kept constant throughout the polymerization reaction. This type of investigation of the kinetics has already been performed in the case of the chemical polymerization of pyrrole. 14 The special reactor used is not only interesting for the determination of the kinetic parameters, but it also enables significant savings since the initiator is not consumed in the reaction and it can be reused.
EXPERIMENTAL

Chemicals
Aniline (Merck, p.a. quality) was vacuum distilled before use. Iron(III) chloride (Merck) and HCl, NH 4 OH and C 2 H 5 OH (all purchased from Zorka, [abac, Serbia) were used as received. Distilled water was used as the reaction media.
Synthesis of PANI
The chemical polymerization of aniline was performed in a reactor schematically presented in Fig. 1 . It consists of two components: an anodic -working compartment (1) and cathodic one (2), which were separated by a polymeric anionic membrane, M (RAIPORE 1035, MEMBRANE DIVISION RAI Research Corporation). The membrane selectively permits the migration of anions from compartment 2 into compartment 1, while it does not permit the migration of cations from compartment 1 into compartment 2. Four glassy carbon plates, GC1, GC2, GC3 and GC4 (Sigradur "G", Sigri, HTW GmbH, Meitingen, Germany) of dimensions 50x80 mm were placed in the working compartment and the first three plates were used as anodes and the fourth one as the cathode. The electrodes were connected to the DC source through a variable resistor, R, and ammeter, A. A platinum indicator electrode, IE, was used to measure the oxidation potential of the solution against a saturated calomel electrode, SCE.
In a typical aniline polymerization experiment, compartment 2 was filled with 1.0 M aqueous KCl solution and compartment 1 with aqueous solution of iron(III) chloride of the desired concentration. After the temperature of the reactor had been adjusted to 25 o C, aniline was introduced into compartment 1, the reaction mixture being mixed with a magnetic stirrer. The time of aniline introduction into the reactor was taken as the zero time of polymerization. Immediately after the mixing of the reactants, a current was passed through the electrical circuit connecting the anodes and cathode. The current intensity was adjusted to hold the initial redox potential constant and so compensate for Fe 3+ consumption during the initation of aniline polymerization when Fe 3+ was reduced to Fe 2+ . In this way the conditions are provided for peforming the experiment at constant oxidant concentration.
The reversible electrode potential of the inidicator electrode, which is a measure of the oxidizing ability of the FeCl 3 solution, is given by the Nernst equation:
where E q is the standard electrochemical potential (the potential at c Fe 3+ /c Fe 2+ = 1), R -the universal gas constant, F -the Faraday constant and n -the number of exchanged electrons in the elemental act of oxidation (n = 1 in this case). In order to prevent electrochemical polymerization of aniline on the anodes, the potential of these electrodes was kept at values lower than 0.80 V against SCE, i.e., there was no polymerization of ANI without FeCl 3 in the reactor.
After the desired time of polymerization, the PANI was separated from the reaction mixture by filtration through a G2 sintered glass filter, washed throughly with 1 M aqueous HCl solution, 1 M aqueous NH 3 solution and methanol, and dried to constant mass under vacuum at 40 o C. The yield was determined gravimetrically.
It should be mentioned that the filtrate containing the complete amount of the oxidant, FeCl 3 and residual monomer can be used for a new polymerization of aniline.
The synthesized PANI was doped by introducing the purified and dried PANI into a 1 M aqueous HCl solution. The obtained dispersion was mixed at room temperature for 17 h. The doped PANI was separated by filtration and dried to constant mass under vacuum at 40 o C.
The electrical conductivity of the dried particles was determined on pressed pellets at room temperature using the conventional four-point-probe technique with a Valhalla scientific 4100 ATC digital ohmmeter.
RESULTS AND DISCUSSION
Rate constant and order of reaction
Five series of experiments of aniline polymerization using iron(III) chloride as oxidant in water as solvent were carried out at 25 o C. In these experiments, the initial concentration of aniline was always the same and equal to 0.1 mol/dm 3 , and the initial concentration of the oxidant, c 0 (FeCl 3 ), was different in each series and lay betwen 0.05 and 1.0 mol/dm 3 . The chemical polymerization of aniline was followed by the gravimetrical determination of the PANI yield at different times of polymerization. The electrical conductivity was determined for all the obtained samples of PANI after they had been doped. The obtained results are shown in Table I . The chcmical polymerization of ANI initiated with FeCl 3 could be presented by the following simplified reaction scheme:
According to this reaction scheme, the chemical polymerization of ANI is a complex reaction containing a sequence of elementary reactions occurring simultaneously. For one ANI-ANI bond to be formed, two Fe 3+ ions are necessary to oxidize two ANI molecules to a cation-radical, whereby they are reduced to Fe 2+ . However, in this way, non-conducting leucoemeraldine would be obtained, 15 which was not the case. The PANI was obtained in the conducting emeraldine form, which means that another electron had to be removed per two aniline units. Altogether, the aniline molecule needs 2.5 molecules of FeCl 3 to be converted to a constitutional unit in emeraldine form of PANI, i.e., the chemical polymerization of ANI initiated by iron(III) chloride can be described by the following equation:
n ANI + 2.5n Fe 3+ ®-(-ANI-) n + 2.5 Fe 2+ + 2.5n H +
If it is assumed that the polymerization reaction is first order with respect to ANI and n th order with respect to FeCl 3 , the dollowing rate law for this reaction can be writen:
where k is the rate constant of the overal reaction, c ANI and c Fe 3+ are concentrations of ANI and FeCl 3 , respectively. Since the special construction of the reactor, de- 
where
Integrating equation 5 and using the experimentally determined degree of conversion (yield), x, defined as:
the well-known equation for a first order reaction is obtained:
The calculated values of ln(1 -x) for all experiments are presented in Table I . In accordance with Eq. (8), a linear dependence of ln(1-x) on polymerization time was obtained, confirming the validity of the assumption that the polymerization reaction is first order with respect to ANI. These linear dependences are not shown, but the values of k' were calculated by the least squares method (the correlation factor being between 0.968 and 0.998) and the obtained values are presented in Table II . The relationship between k' and the rate constant for the overall reaction is given by Eq. (6), which for a set of different initial concentrations of FeCl 3 can be written as:
Using the values of k' and c 0 (FeCl 3 ) from Table II , the dependence of ln k' on ln c 0 (FeCl 3 ) is shown in Fig. 2 .
From the slope of the linear relationship (9), the order of reaction of ANI polymerization with respect to FeCl 3 was calculated as n = 0.18. The non-integer value of n indicates that the chemical polymerization of aniline in aqueous solutions using iron(III) chloride as the oxidant is a complex reaction with some side-reactions occurring in the reaction mixture.
The value of the rate constant, k, of the polymerization of ANI was calculated from the intercept of the straight line in Fig. 2 with the y-axis and was equal to 9.1´10 -5 (mol dm -3 ) -1.18 s -1 .
It should be mentioned that the electrical conductivity of all the synthesized PANI samples was 1 to 2 orders of magnitude higher than that of PANI samples obtained with iron(III) as catalyst and ozone as oxidant 12 and was of the same order of magnitude as the electrical conductivity of PANI samples synthesized with APS as the oxidant. 7 It should also be noted that according to reaction mechanism of chemical polymerization of ANI initiated with APS, which was suggested by Tzou and Gregory, 8 oxidation of ANI occurred in two steps, the polymerization in the second step being autoaccelerated and independent of the oxidant concentration. The results obtained in our work did not show these phenomena. They fitted well the suggested reaction mechanism (Eqs. (2) and (3)).
Relationship between the quantity of electricity consumed during the polymerization of ANI with the yield of PANI
As pointed out previously, during the chemical polymerization of ANI, the Fe 3+ ions were reduced to Fe 2+ ions, which were then immediately electrochemically oxidized back to Fe 3+ due to the special design of the reactor used for the polymerizations. This is schematically shown in Scheme 1. 
The calculated values of the theoretical yield of PANI, together with experimentally determined yield, m exp PANI , the experimentally determined consumed quantity of electricity, Q exp , and the theoretical amount of consumed quantity of electricity, Q th , at different times of polymerization, t p for series C are shown in Table III. The results given in Table III show that there is a discrepancy between m exp PANI and m th PANI , indicating that the oxidant was consumed in some side reactions (such as branching or crosslinking of PANI), which is in accordance with the fact that the order of reaction of ANI polymerization with respect to FeCl 3 is a non-integer number. Conformation for the occurrence of side reactions demands experimental techniques, such as HPLC or thin-layer chromatography, and this will be the object of further investigations. 
CONCLUSIONS
The reaction kinetics of the chemical polymerization of aniline in aqueous acid solutions with FeCl 3 as the oxidant was investigated at 25 o C. The polymerization was performed in a special reactor which enabled the initial concentration of oxidant to be kept constant during the polymerization reaction. The kinetics was followed by the gravimetrical determination of the yield of the reaction. The order of reaction of ANI polymerization with respect to FeCl 3 was calculated as n = 0.18. The non-integer value of n indicates that the chemical polymerization of aniline in aqueous solutions using iron(III) chloride as the oxidant is a complex reaction with some side reactions occurring in the reaction mixture. The rate constant k of the polymerization reaction was found to be 9.1´10 -5 (mol dm -3 ) -1.18 s -1 . The theoretical yield of the reaction was calculated using the Faraday law and the experimentally determined electricity exchanged during the polymerization reaction. There was a discrepancy between the experimentally and theoretically determined yield, indicating that the initiator was consumed in some side reactions, which is in accordance with the fact that the order of reaction of ANI polymerization with respect to FeCl 3 is a non-integer number.
The electrical conductivity of all the synthesized PANI samples was 1 to 2 orders of magnitude higher than that of PANI samples obtained with iron(III) as the catalyst and ozone as an oxidant and was of the same order of magnitude as the electrical conductivity of PANI samples synthesized with APS as the initiator. U okviru ovog rada prikazani su eksperimentalni rezultati dobijeni pri izu~a-vawu kinetike hemijske polimerizacije anilina inicirane sa FeCl 3 u vodi kao rastvara~u pri 25 o S. Polimerizacija je izvo|ena u specijalnom reaktoru koji je omogu}avao da se po~etna koncentracija inicijatora (oksidanta) odr`ava konstantnom tokom polimerizacije. Odre|en je red reakcije polimerizacije anilina u odnosu na FeCl 3 i dobijeno je da on iznosi 0,18. Izra~unata je i vrednost konstante brzine ove reakcije: k = 9,1´10 -5 (mol dm -3 ) -1,18 s -1 . Teoretski prinos ove reakcije je izra~unat koriste}i Faradejev zakon i eksperimentalno odre|enu koli~inu elektriciteta razmewenu tokom reakcije. Utvr|eno je da postoji razlika u vrednostima eksperimentalno i teorijski odre|enog prinosa {to indicira da je inicijator bio kori{}en i za neke sporedne reakcije. To je u skladu sa~iwenicom da red reakcije polimerizacije anilina u odnosu na FeCl 3 nije ceo broj. 
